Objective-Evaluate associations between personal and workplace factors and median nerve conduction latency at the wrist.
INTRODUCTION
Carpal tunnel syndrome is a common condition among workers with reported prevalence rates between 3 and 11% depending on the industry studied (DeKrom, 1992; Palmer et al, 2007 , Silverstein 2010 . It is associated with considerable disability and risk of job loss (Faucett, 2000; Foley, 2007) . There remains some controversy over specific workplace factors associated with carpal tunnel syndrome and their exposure-response associations due to imprecise exposure measures, differences in study outcomes, small sample sizes and lack of longitudinal studies (Palmer et al, 2007) .
The physiologic hallmark of carpal tunnel syndrome is median nerve mononeuropathy at the wrist. Electrophysiologic evidence of median mononeuropathy is ascertained by measurement of median nerve conduction parameters, most commonly conduction latency and conduction velocity. Although the classic clinical definition of carpal tunnel syndrome requires both characteristic symptoms as well as electrophysiologic abnormality (Rempel et al, 1998) , use of electrophysiologic measures alone has several advantages. First, unlike symptom reporting, electrophysiologic measures are free of any potential participant or investigator biases associated with knowledge of exposure circumstances. Second, while symptoms in the distribution of the median nerve may be due to a wide range of potential pathologies, isolated median mononeuropathy is highly specific for localized median nerve dysfunction consistent with carpal tunnel syndrome. Finally, unlike symptoms, electrophysiologic parameters can be analyzed as continuous variables, thereby improving statistical power.
In the current study, electrophysiologic measures of median nerve function were available for a large number of participants who were included in five NIOSH-funded studies examining associations between occupational risk factors and a wide range of upper extremity conditions and disorders, including carpal tunnel syndrome. In order to examine the purely physiologic effects of occupational exposures on median nerve function, we explored associations between electrophysiologic measures of median nerve conduction latency across the wrist and individual level exposures to occupational psychosocial and biomechanical risk factors while controlling for personal factors such as age, gender and obesity. Associations of personal and occupational factors to the classic clinical case definition for CTS, e.g., characteristic symptoms plus electrophysiologic abnormality, using this dataset, have been published elsewhere Harris-Adamson et al, in review) .
METHODS

Participants
Six research groups conducted coordinated prospective studies of production and service workers at 54 companies in the US to evaluate personal and work-related risk factors for upper extremity disorders. We have previously described the details of study designs, inclusion criteria, and the process of pooling health outcome and exposure data Kapellusch et al, 2013) . This analysis only includes data from the four research groups that (i) measured median and ulnar nerve latencies at the wrist at regular intervals and (ii) measured job task level biomechanical exposures of the hand among participating workers (N=2868; sites A, B, C & E; . Potential participants were ineligible if they had a prior carpal tunnel release surgery (n=36), had baseline (n=55) or incident (n=26) polyneuropathy (defined below), or worked less than one year on the job (N=309). There was varied representation of workers across standard industrial classification (SIC) divisions with nearly all coming from the agriculture (7%), manufacturing (81%) and service (12%) industries.
Data Collection
In all four studies, questionnaires were administered at enrollment (baseline) to collect information on work history, demographics, medical history and musculoskeletal symptoms. All studies collected electrophysiological measures across the wrist including median nerve sensory latency, median nerve motor latency, and ulnar nerve sensory latency. The methods used by each site have been previously described . Investigators responsible for collecting nerve latency measures were blinded to exposure status. Exposure was assessed on the individual level at baseline for all studies. For most subjects, symptom assessment, physical examinations, and EDS were repeated at regular follow-up intervals Kapellusch et al, 2013) . If repeated electrophysiological measures were performed during the follow-up period, then the last measurement was used for the current analyses.
Personal Factors
Age, gender, BMI, race/ethnicity, education, smoking status, hand dominance, and comorbid medical conditions such as rheumatoid arthritis, diabetes mellitus, and thyroid disease status were collected from all participants. General health was assessed on a 5-point scale from 'poor' to 'excellent'.
Occupational Factors
Survey or interview questions regarding the psychosocial work environment were administered at study enrollment in three of the four studies. Items from the Job Content Questionnaire (Karasek 1998) were used to calculate psychological job demand and decision latitude scale scores. The psychological demand scale is based on 5 items (excessive work, conflicting demands, insufficient time to work, work fast, work hard). The decision latitude scale is based on skill discretion (e.g., learning new things, task variety, etc.) and decision authority (choice in how to perform work and making decision).
Biomechanical Workplace Exposures
All studies measured workplace exposures within the biomechanical domains of hand force, hand repetition, hand duty cycle, and wrist posture. Measurements were made at the level of the job task, using methods comparable to those used in previous studies (Silverstein et al, quantify specific exposure metrics . For three study sites, analysts recorded the presence or absence of hand vibration by task.
The pooled data set included estimates of peak force -the highest force requirements of a task -using the Borg CR-10 rating scale, and estimated separately by workers and analysts. Temporal exertion patterns such as repetition and duty cycle were determined by detailed time studies of videotapes of subjects performing their tasks. The hand activities of the workers were analyzed on a frame-by-frame basis by trained analysts who were blinded to the health status of workers. Estimates of the repetitiveness of a task were quantified using the analyst HAL rating (verbal anchors), the total number of all exertions per minute based on video analysis, and the total number of forceful exertions per minute based on video analysis and task force data. Forceful exertions were those performed at greater than 45N of power grip, greater than 9N of pinch, or rated as >= 2 on the Borg CR-10 scale. Duty cycle was quantified from video analysis as percent time for all hand exertions and also the percent time for forceful hand exertions. Posture was quantified from video analysis as the percent time spent in >30° of wrist extension and the percent time spent in >30° of wrist flexion, as measured from a neutral (0°) wrist position. Finally, any (yes/no) exposure to hand/arm vibration through visible hand/arm vibration and/or use of vibratory hand-tools was recorded by task. A composite exposure score for each task was calculated using the combination of analyst HAL scale and analyst peak force according to the methods described for the ACGIH TLV for HAL (ACGIH 2014) . Further details on exposure assessment methods are described in a prior publication .
Job physical exposures were collected at baseline for each task (up to 8) that each worker performed. If workers performed multiple tasks for their job, then a job level exposure was calculated using time weighted averaging (TWA) where each task level exposure was weighted by the proportion of time the task was performed each week.
Outcomes
The primary outcome measures were the median peak sensory latency, median motor latency, and median-ulnar peak sensory latency difference (MUD) collected from the dominant hand of each participant. Subjects were excluded from the analysis if they had polyneuropathy defined as ulnar sensory peak latency ≥3.68 ms (corresponds to a conduction velocity of 44 m/s).
Statistical analysis
Regression coefficients were estimated using multiple linear regression with separate analyses conducted for each of the three outcome measures. TWA exposures were included in the regression models as continuous independent variables. Potential confounding by personal factors was assessed using both empirical observation and by directed acyclic graphs (DAGs) to posit structural relationships among the variables. DAGs are a method of modeling variables that considers the ordering of the variables in a potential causal pathway.
Covariates not on the pathway from exposure to outcome and that were available for >=90% of the participants were initially included in each model as potential confounders. Those covariates that changed the effect estimate of the primary exposure variable by more than 10% on removal from the model were subsequently included in the final models to adjust for confounding. Because of prior research demonstrating important associations between age, gender and BMI and incident CTS, these factors were retained in every model regardless of strength of association in this sample . Co-morbid medical conditions were not included in any models since all prevalent and incident polyneuropathy cases were excluded from the analysis.
To provide the least biased estimates of associations between exposure and outcome, models examining associations between each biomechanical exposure metric and each outcome metric were adjusted by study site and by one variable from each of the other biomechanical exposure domains (force, repetition, duty cycle and posture). Because each exposure domain had more than one candidate variable, the variable within each domain with the highest number of participants was selected to maximize statistical power. In addition to adjusted model R 2 , a dimensionless metric of effect size analogous to Cohen's d was calculated or each exposure variable (Cohen, 1988) . Specifically, the effect size metric was calculated as follows:
Essentially, the effect size metric is the magnitude of change in the dependent variable resulting from an interquartile range value of change in the exposure variable, reported in units of dependent variable standard deviation. The effect sizes for Cohen's d are small effect ≥ 0.2, medium effect ≥ 0.5, and large effects ≥ 0.8 (Cohen, 1988) . All analyses were implemented with the Stata statistical package (Stata, College Station, TX).
RESULTS
Of the 2442 potential participants, those with unobtainable nerve latency measures (N=23) or no workplace exposure data (N=23) were eliminated from the current analyses. Demographic and occupational characteristics of the 2396 participating workers are provided in Table 1 ; demographic characteristics are similar to US workplace data (BLS, 2014) . Approximately 11% of subjects reported a physician diagnosed medical condition (e.g, diabetes, rheumatoid arthritis, thyroid disorder, or pregnancy) and 10% reported a previously diagnosed distal upper extremity disorder. Most participants (72%) had worked for more than three years; the number of years worked was correlated with age (R 2 = 0.46, data not shown).
Summary measures of upper extremity biomechanical exposures, psychosocial measures, and nerve latency values are provided in Table 2 . Some of the measures were collected among a subset of subjects, e.g., work psychosocial factors; therefore, some sample sizes in Table 2 are smaller than others. The three nerve latency variables were moderately to strongly correlated (median sensory latency to median motor latency, R 2 = 0.68; median sensory latency to MUD, R 2 = 0.84; median motor latency to MUD, R 2 =0.63.
Adjusted regression models for median sensory latency outcome measures are presented in Table 3 . Among the demographic variables, statistically significant associations were Rempel et Finally, a significant association was observed between the TLV for HAL (using the analyst peak force rating) and sensory latency. The adjusted R 2 for the models ranged from 0.20 to 0.23.
Adjusted regression models for median motor latency outcome measure are presented in Table 4 . As was observed for median sensory latency, age, gender, and BMI were significantly associated with median motor latency. Contrary to the results of median sensory latency, neither of the work psychosocial variables was significantly associated with motor latency. Both metrics of peak hand force were associated with median motor latency with coefficients and effect sizes of similar magnitude to their associations with median sensory latency (Coefficient worker rated force = 0.04, p<0.001; Coefficient analyst rated force = 0.04, p<0.001). The effect sizes were small (Cohen's d worker rated force = 0.13; Cohen's d analyst rated force = 0.11). Significant but small associations were also observed for the repetition measures of Analyst HAL and forceful repetition rate from video analysis, the posture measure of percent time >= 30 degrees of wrist extension, and the composite TLV for HAL. No Cohen's d value exceeded 0.05 for any of these associations. No significant associations were observed for percent duration of forceful exertions, percent duration of all exertions, or percent time >= 30 degrees wrist flexion. The adjusted R 2 for the models ranged from 0.18 to 0.20.
Adjusted regression models for median-ulnar latency difference measures are presented in Table 5 . As was observed for median sensory latency and median motor latency, age, gender, and BMI were each significantly associated with median-ulnar latency difference. Among the psychosocial variables, decision latitude was significantly negatively associated with median-ulnar latency difference, although the effect size was small (Coefficient decision latitude = −0.004, p=0.02; Cohen's d = 0.03). As was observed for the other two outcomes, Forceful Repetition Rate obtained from video analyses was significantly associated with median-ulnar latency difference (Coefficient forceful repetition rate = 0.003, p=0.01). Among duty cycle measures, only percent duration forceful exertions was significantly associated with latency (Coefficient percent duration forceful exertions = 0.002, p<0.001); the effect size was small. Among the posture measures, percent time >=30 degrees wrist extension was significantly associated with median-ulnar latency difference. The TLV for HAL was also significantly associated with the median-ulnar latency difference. The adjusted R 2 for the models ranged from 0.11 to 0.13.
DISCUSSION
This study presents a unique analysis of associations between personal and work-related factors and an objective, quantitative metric of nerve physiology, median nerve conduction across the wrist. Most recent studies of risk factors for CTS among working populations have used a case definition requiring both a prolonged median nerve latency across the wrist and the reporting of symptoms in the distribution of the median nerve as the outcome measure Werner et al. 2005; Silverstein et al. 2010; Harris-Adamson et al. 2013; Bonfiglioli et al., 2013) . Although methodologically orthodox (Rempel et al. 1998) , this approach may result in differential error due to reporting bias, with highly exposed participants possibly over-reporting hand symptoms in comparison to less highly exposed participants. Should such bias occur, it would result in observed associations that are stronger than true associations. For example, if workers who perform very repetitive hand activities report hand symptoms related to arthritis or cuts more frequently than others they might be misdiagnosed as having CTS, in which case, the resultant risk estimate for repetition and CTS would be higher than the true estimate.
The use of a physiological measure of median nerve function (a measure that requires no subjective response by the study participant), collected by technicians unaware of participant exposure, is unlikely to be characterized by differential error of the kind that may occur with symptom surveys. However, relatively few studies have analyzed median nerve function this way (Nathan et al, 1992; Letz & Gerr, 1994; Bushbacher, 1998; Salerno et al, 1998; Anton et al, 2013) , in part because in many studies median nerve function is only measured among the subset of workers with hand symptoms (Stevens et al, 2001; Gerr et al., 2002; Gelfman et al, 2009 ).
In addition to use of a quantitative, objective physiological measure of median nerve function, the current study also involved a large population of workers from various industries across the US and participants were substantially representative of the age, gender, race and ethnicity of US workers. Therefore, the findings are more generalizable to the US workforce than studies of just one industry (Nathan et al. 1992; Gerr et al. 2002) .
Personal factors had varied effects on sensory latency, motor latency, and MUD. Medium to large positive effects were observed for age, BMI and female gender (i.e., greater age and BMI and female gender were all associated with longer median nerve conduction latency). Personal factors not significantly related to latency were previous distal upper extremity disorders, education level, and aerobic or hand intensive activity outside of work. Mostly consistent with the current study, prior population and workplace studies have reported positive associations between height, BMI (or weight), age, gender, poverty, and smoking with median motor or sensory conduction measures (Nathan et al 1992; Letz & Gerr 1994; Bushbacher 1998; Salerno et al. 1998; Anton 2013) . The linear parameter estimates for age and estimated latency from the all male study of Letz & Gerr (1994) (0.011 to 0.013 ms/ year) were similar to our study (0.007 to 0.017 ms/year). However, their parameter estimates for BMI (kg/m 2 ) were wider (0.0007 to 0.0065 ms/BMI unit) than those observed in our study (0.002 to 0.003 ms/BMI unit).
Several occupational factors were significantly associated with prolongation of median nerve latency measures. Significant associations, in decreasing order of effect size, were analyst and worker estimated peak hand force, video quantified percent duration of forceful hand exertions, TLV for HAL, video quantified forceful repetition rate, video quantified wrist extension, and low decision latitude. Work related factors that were not significantly associated with latency were psychological demand, total repetition rate, wrist flexion, duty cycle for all hand exertions, and vibration. Few studies have evaluated the associations of workplace factors and latency (Nathan et al, 1992) . The Nathan et al. (1992) study found no associations with latency, but the precision of workplace exposure estimates was poor (Gerr & Letz, 1992 ) and the sample size was much smaller (N=316). Although the effect sizes were not large, our study shows associations between occupational exposures and nerve physiology. These results clearly demonstrate that workplace physical exposures are associated nerve conduction abnormalities characteristic of carpal tunnel syndrome.
In general, associations observed in the current study using median nerve latency measures as the health outcome are similar to recent high quality workplace studies that used a more clinical case definition of carpal tunnel syndrome that includes both symptoms and prolonged median nerve latency. For example, a recent prospective study of 3860 workers found that age, gender, BMI, co-morbid medical conditions and TLV for HAL were independent predictors of CTS (Bonfiglioli et al, 2013) .
Our study found relatively little difference in the strength of association across the three median nerve latency measures for age, gender, BMI, and occupational biomechanical factors. An exception was that MUD was more sensitive to changes in BMI and less sensitivitive to gender compared to the other latency measures. Overall, the association coefficients and effect sizes (Cohen's d) were similar in direction and magnitude across the three metrics of median nerve function. This might be expected given the strong correlations between the three latency measures as noted above. Interestingly, inspection of the adjusted R 2 values for the models suggests that the proportion of variance of the outcomes attributable to the independent variables is greatest for sensory latency, slightly smaller for motor latency, and smallest for MUD.
Several limitations of the study should be noted. Although the data were collected during prospective studies of workers, the duration of follow-up for the prospective component was too brief to observe important changes in median nerve latency measures. Therefore, the analysis used each subjects' final median nerve latency measures as the outcome of interest. A longer duration of follow-up might have allowed for a study of change in latency measures over time. The use of nerve conduction latency alone may be questioned. However, this study sought to specifically exclude subjective symptom reporting from the disease outcome. A second limitation was that the workplace exposure assessment relied on both analyst observations and video analysis from recordings of one day of work. To the extent that the day observed was not representative of usual work there may be nondifferential exposure misclassification. This would bias the findings toward the null and, therefore, the actual associations with workplace physical factors may be greater than those reported. Finally, the lack of an association for vibration should be interpreted with caution because the assessment was crude (e.g., Yes/No). Studies with more precise measures of vibration have found associations between vibration and risk of CTS (Koskimies et al, 1990 ).
Due to their large effect sizes, some readers may conclude that personal factors are more important than occupational factors in the etiology of CTS. We believe that such inferences should be made with caution. Age, BMI, and gender were all measured with extraordinarily high precision and accuracy. Error in these metrics is very low. On the other hand, measures of forceful exertions, repetitive exertions, and postural deviations are not easily measured and are never measured continuously over long time periods (i.e., durations similar to the time necessary for physiological changes in nerve physiology to occur). Hence, substantial non-differential error in estimation of these occupational risk factors was likely. Despite this bias toward the null, statistically significant associations between measures of exposure to occupational factors and median nerve physiology were still observed.
In conclusion, this analysis evaluated associations between personal and workplace factors and a physiologic outcome related to carpal tunnel syndrome instead of the more commonly used subjective clinical case definition. In a large and diverse working population, decrements in the three measures of median nerve latency were associated with age, BMI and gender as well as the workplace factors of peak hand force and percent duration of forceful hand exertions. The effect of workplace exposures to the upper quartile of hand force (Borg CR10 > 4), compared to the lower quartile, were similar to the effect of 6 to 11 years of aging (calculated from the parameter estimates of each exposure variable and each latency outcome). This means that workers who regularly perform hand activities with a Borg exertion rating of greater than 4, will, over time, experience a decline in their nerve function that is equivalent to the decline due to 6 to 11 years of aging. Overall, the findings of the current study are similar to those of other epidemiologic studies that used a clinical case definition carpal tunnel syndrome as the outcome. We believe that when taken in the context of a largely positive literature, evidence shows that carpal tunnel syndrome (whether measured as a clinical entity or with pure neurophysiological methods) is associated with both occupational and non-occupational factors. Resources should be directed towards intervention efforts designed to mitigate the known occupational risk factors for this condition.
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